ABSTRACT Small angle x-ray scattering was used to follow changes in the conformation and interactions of nucleosome core particles (NCP) as a function of the monovalent salt concentration C s . The maximal extension (D max ) of the NCP (145 Ϯ 3-bp DNA) increases from 137 Ϯ 5 Å to 165 Ϯ 5 Å when C s rises from 10 to 50 mM and remains constant with further increases of C s up to 200 mM. In view of the very weak increase of the R g value in the same C s range, we attribute this D max variation to tail extension, a proposal confirmed by simulations of the entire I(q) curves, considering an ideal solution of particles with tails either condensed or extended. This tail extension is observed at higher salt values when particles contain longer DNA fragments (165 Ϯ 10 bp). The maximal extension of the tails always coincides with the screening of repulsive interactions between particles. The second virial coefficient becomes smaller than the hard sphere virial coefficient and eventually becomes negative (net attractive interactions) for NCP 145 . Addition of salt simultaneously screens Coulombic repulsive interactions between NCP and Coulombic attractive interactions between tails and DNA inside the NCP. We discuss how the coupling of these two phenomena may be of biological relevance.
INTRODUCTION
Both histone-fold DNA interactions in the core particle and histone tails interactions in chromatin are thought to contribute to repression of chromatin expression (Kornberg and Lorch, 1999) . Each of these levels of repression can be counterbalanced by specific mechanisms, leading to structural transitions inside the nucleosome core particle and also in their supramolecular organization. However, progresses in understanding mechanisms that regulate chromatin dynamics is limited by the lack of structural data regarding 1) the conformational changes of the nucleosome core particle and 2) the overall organization of chromatin. At both levels, conformational changes are expected to occur in response to slight changes in the local environment. These may be changes in salt concentration and pH and possible interactions with different molecules (multivalent ions or proteins for example). Electrostatic effects are known to play a central role in the stability of the nucleosome and also in the condensation of the fiber. Because electrostatics effects can be modulated by acting on salt concentration, systematic variation of the type and concentration of the salt in the milieu provides a way to explore the stability of the nucleosome particles and to monitor their interactions.
First, the nucleosome core particle contains the histone octamer core with two each of the core histones H2A, H2B, H3, and H4 and 146 to 147 bp of DNA wrapped in a left handed helix at the surface of the protein core (Richmond et al., 1984; Lüger et al., 1997 , Harp et al., 2000 . The global shape of the particle is that of a flat cylinder, which diameter (105 Å) is approximately twice its height (57 Å). Histones amino terminal tails pass over and between the gyres of the DNA superhelix. The electron density for further tail sequences is weak and therefore not interpreted by crystallography. Histone tails once having left the confines of the DNA supercoil, could either remain in apparent loose association with the outside of the DNA supercoil or extend away from the nucleosome core and become rapidly disordered (Lüger and Richmond, 1998) . In solution, a number of salt-induced instabilities have been reported, among which are changes in the conformation of the histone tails, for monovalent salt concentrations ranging from 0.01 to 0.4 M NaCl (Ausio et al., 1984) , where the particle is considered to remain stable.
Second, the supramolecular organization of the nucleosome core particles is also highly dependent on ionic conditions. Isolated nucleosome core particles form crystalline and liquid crystalline phases at concentrations covering the concentrations of the living cell. Well-defined concentrations of monovalent cations plus small amounts of multivalent ions are required to get good diffracting crystals, which prevents the exploration of large ranges of ionic conditions. This limitation can be bypassed by studying the liquid crystalline states; a sequence of different phases has been found while increasing the salt concentration from a few millimolars up to 150 mM NaCl: a lamellar phase (Leforestier et al., 2001 ), a poorly ordered phase, a two-dimensional columnar phase, and a three-dimensional hexagonal crystalline phase (Leforestier and Livolant, 1997; Livolant and Leforestier, 2000; S. Mangenot, A. Leforestier, D. Durand, and F. Livolant, in preparation) , all formed by columns of stacked nucleosome core particles (NCP). It is also well known that the nucleosomic filament (in which nucleosome core particles are connected together by linker DNA) appears either under unfolded, condensed, or aggregated forms depending on the ionic conditions of the solution in which chromatin is extracted out of the cell (Widom, 1986) . Although the presence of the fifth histone H1 is not required to follow this in vitro salt-induced condensation of the fiber, the presence of the histone tails is absolutely crucial (Garcia-Ramirez et al., 1992; Fletcher and Hansen, 1996) .
Histone tails appear to be involved in the conformational changes of the nucleosome core particle and also in the structural phase transitions occurring at the supramolecular level. It is generally accepted that these tails interact with DNA at low salt and are extended outside of the particle at salt concentrations above ϳ0.2 M monovalent salt. However, a clear description of this process is lacking despite the number of reports on this question (Cary et al., 1978; Walker, 1984; Ausio et al., 1984 Ausio et al., , 1989 Garcia-Ramirez et al., 1992; Hansen, 1995, 1996; Hilliard et al., 1986; Smith and Rill, 1989; De Lucia et al., 1999; Dong et al., 1990; Ballestar and Franco, 1997; Wang et al., 2000) . The difficulty comes from the heterogeneity in the samples used in the experiments (isolated nucleosome core particles with varying lengths of associated DNA, chromatin fragments, or nucleosomal arrays), and from differences in conditions of temperature and concentration under which experiments were conducted. Moreover, the methods of investigation have been extremely diverse: nuclear magnetic resonance, analytical ultracentrifugation, circular dichroïsm, x-ray and neutron scattering, and indirect methods based on cross-linking experiments. More important, the extremely large explored range of salt concentration has not always been investigated in detail. Therefore, multiple effects may sometimes superimpose (Yager et al., 1989) .
We present here a careful analysis of the extension process of isolated NCP tails as a function of ionic strength, restricting ourselves to NaCl, a monovalent salt. Small angle x-ray scattering (SAXS) methods were chosen to get simultaneously the two sets of information we are interested in: 1) conformational changes in the nucleosome core particle and 2) interactions between the particles. Moreover, we tested the effects of the DNA length associated to these properties.
MATERIALS AND METHODS

NCP isolation
Nucleosome core particles were prepared from two different sources, either calf thymus or chicken erythrocytes. In both cases, chromatin was extracted in low ionic strength buffer after micrococcal nuclease digestion of nuclei. After removal of linker histones, NCP were obtained by controlled digestion with micrococcal nuclease and purified by chromatography over a Sephacryl S300 HR column (Pharmacia Biotech, Uppsala, Sweden). The mononucleosome fraction was extensively dialyzed against 10 mM Tris-EDTA (TE) buffer at a concentration of 1 to 3 mg/ml and further concentrated by ultrafiltration in a pressurized cell (model 8003, Amicon, Beverly, MA) through a hydroxypropylcellulose membrane (model YM100, Amicon) to a final concentration of 50 to 150 mg/ml. These stock solutions were stored at 0°C. To prevent proteolysis of the histone tails, 0.5 mM phenylmethylsulfonyl fluoride was added to buffers at all steps of the preparation procedure.
Characterization of nucleosome core particles
The integrity of the NCP and the absence of contaminating di-and oligo-nucleosomes were checked by electrophoresis on 7.5% polyacrylamide gels under nondenaturing conditions. Fifteen percent sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to check the histone composition. The length of DNA associated to the protein core was determined after DNA extraction by 12% polyacrylamide gel electrophoresis and by comparison with 123 and 10 basepairs (bp) ladder DNA (Life Technologies/Gibco-BRL, Cleveland, OH). Two NCP populations were prepared for the present study, differing in the length of the DNA fragment associated to the protein core: 145 Ϯ 3 bp (prepared from chicken erythrocytes) and 165 Ϯ 10 bp (prepared from calf thymus) (Fig. 1) . The two NCP populations will hereafter be referred to as NCP 145 and NCP 165 , respectively.
Sample preparation
Series of samples covering a large range of added monovalent salt concentrations (C s ) were prepared. The C s values take into account Tris ϩ and Na ϩ cations. For NCP 165 , the initial stock solution (150 mg/ml NCP in 10 ϩ 5 mM NaCl mM TE, pH 7.6) was diluted to C NCP ϭ 1 mg/ml and dialyzed against different buffers: 10 mM TE, 10 mM TE ϩ 5 mM NaCl, 10 mM TE ϩ 440 mM NaCl, 10 mM TE ϩ 1000 mM NaCl to reach the final 10, 15, 450, and 1010 mM values. Other C s values (50 and 160 mM) were obtained by addition of NaCl to the solution of NCP dialyzed against 10 mM TE ϩ 5 mM NaCl. Each solution was then concentrated by ultrafiltration to C NCP ϭ 150 mg/ml. Final NCP concentrations (5, 10, 20, 50, 100, 150 mg/ml) were obtained by dilution in the corresponding buffer. NCP concentrations were determined by ultraviolet absorbance at 260 nm, using A 260 ϭ 9.5 cm 2 mg Ϫ1 (Ausio et al., 1984) .
FIGURE 1 Characterization of the DNA length in the two populations of NCP prepared for these experiments: 165 Ϯ 10 bp (from calf thymus, A) and 145 Ϯ 3 bp (from chicken erythrocytes, B). Electrophoresis was performed on 7.5% polyacrylamide gel, and gels were stained with ethidium bromide.
For NCP 145 , the initial stock solution (50 mg/ml NCP in 10 mM TE, pH 7.6) was diluted in 10 mM TE buffer, eventually supplemented with NaCl, to adjust the final NCP concentrations to 0.5, 1, 2, and 4 mg/ml and the final C s values to 10, 25, 37.5, 50, 75, 100, 150, and 200 mM. To minimize the errors in the salt and NCP concentrations, all dilutions were performed by weighing the samples.
SAXS measurements
Small angle x-ray scattering were carried out using the radiation synchrotron source DCI at LURE (Orsay, France) on station D 24. A bent Ge (111) monochromator is used to select the wavelength 1.488 Å, (Ni K-absorption edge). The detector was a linear position-sensitive gas detector. In the first series of experiments (NCP 165 ), the sample to detector distance was D ϭ 1827 mm, corresponding to the scattering vector range 9.3 ϫ 10 Ϫ3 Å Ϫ1 Ͻ q Ͻ 0.197 Å Ϫ1 , in which q ϭ (4/) sin, with 2 being the scattering angle. In the second series of experiments (NCP 145 ), the sample to detector distance was D ϭ 1892 mm and the scattering vector range was 1.34
. Samples were placed in a quartz capillary ϳ1.5 mm in diameter. Successive frames of 200 s each were recorded at room temperature. Buffer was exposed during eight frames. To avoid any x-ray damage on NCP, each NCP solution was exposed only during four frames of 200 s. To improve data statistics, the acquisition was repeated two, three, or four times after moving fresh solution into the beam. Each frame was then carefully inspected to check for radiation damage. None was found. The intensity curves were scaled to the transmitted beam intensity before background subtraction.
Data analysis
For a solution of noninteracting identical particles, the scattering intensity can be expanded in powers of q at small q values according to the well known Guinier approximation (Guinier and Fournet, 1955) :
( 1) in which R g is the radius of gyration of the particle. The intensity at q ϭ 0 is given by:
in which C is the sample concentration in NCP (w/v), M is the molecular weight of NCP, N A is the Avogadro number, m p is the number of electrons of the dry protein, s is the electronic density of the buffer, and p is the partial specific volume of the particle. For a nearly spherical particle, the Guinier approximation is valid out to qR g ϭ 1.3. This range can even be slightly larger in the case of a moderately ellipsoidal particle. In practice, one obtains R g and I(0) by fitting ln I(q) as a function of q 2 for q Յ 1.3/R g . However, for particles significantly different from a compact sphere, with some parts behaving as polymeric random chains, the validity of the Guinier approximation is restricted to very low q values and is thereby of no practical use. It has been shown in that case (Pérez et al., 2001 ) that the scattering function I(q) is better described in the domain q Ͻ 1.4/R g by the Debye equation (Debye, 1947) :
in which x ϭ q 2 R g 2 . The radius of gyration provides information on the global shape of the particle. Additional information about the particle conformation can be obtained by calculating the distance distribution function P(r), which is the Fourier transform of the scattering intensity I(q). P(r) is the distribution of intramolecular distances between scattering elements within the particle. P(r) is equal to zero for distances r larger than the maximal diameter D max of the particle. The P(r) function for the different NCP solutions was determined using the program GNOM (Svergun et al., 1988 ). An estimate of the radius of gyration R g can be derived from the distance distribution function.
In the case of interacting particles, the scattering patterns are modified by the effects of the positional correlations due to interactions. For spherical particles, the scattering intensity can be described by:
I(q) ideal is the scattering intensity in the absence of interaction and corresponds to the form factor of the particle. S(q, C) is the structure factor, which characterizes the interactions between particles. This relationship has been shown to hold for particles displaying a moderate deviation from sphericity, although over limited ranges in concentration and momentum transfer q.
The intensity at the origin I(0, C) is also modified, and its concentration dependence follows the relation:
in which I(0) ideal is proportional to C according to Eq. 2 and A 2 , A 3 ,. . . are the second, third,. . . virial coefficients, which represent interactions between two, three,. . . particles. These interactions result from the superposition of several components, in particular hard-core, repulsive Coulombic interactions and attractive Van der Waals forces. Net repulsive interactions lead to positive A 2 values and net attractive interactions to negative A 2 values. For a fixed NCP concentration, Eq. 5 indicates that net attractive/ repulsive interactions enhance/decrease the intensity at the origin I(0, C) above/below the value I(0) ideal characteristic of a solution of noninteracting particles. The intensities in the small angle region used for the determination of R g are also modified and yield an apparent radius of gyration R g (C). The virial coefficient A 2 can be evaluated by performing experiments at different particles concentrations for a fixed salt concentration. In practice, the third term, 3A 3 MC 3 and the following can be neglected if C is not too high (Ͻ 50 mg/ml). Then A 2 is proportional to the slope of C/I(0, C) as a function of C. A plot of this quantity versus C also yields the "true" value of the intensity at the origin I(0) ideal .
RESULTS
NCP 165
A first series of small angle x-ray scattering experiments was recorded with NCP 165 , over a large range of monovalent salt concentrations C s (10 mM to 1 M) and for different NCP concentrations C NCP (5, 10, 50, 100 mg/ml). Fig. 2 shows the effects of salts at a constant NCP concentration (C NCP ϭ 5 mg/ml). At C s ϭ 10 mM, a distinct peak is observed characteristic of net repulsive interactions (Ducruix et al., 1996; Tardieu et al., 1999) . Increasing the ionic strength leads to the disappearance of this peak, which corresponds to the screening of the repulsive Coulombic interactions. The scattering curves obtained for some fixed salt concentrations C s when varying the NCP concentration are shown on Fig. 3 . In the absence of repulsive peak, the I(0, C) values were extracted, using the Guinier approximation at very low q values. Only for C s ϭ 1 M, the Debye law is preferred to the Guinier approximation because the particle becomes partly unfolded, as explained in the following. The values of I(0, C) were thus determined only for two NCP concentrations (5 and 10 mg/ml) for C s ϭ 50 mM and for three concentrations (5, 10, and 50 mg/ml) at higher salt concentrations. It follows that only an order of magnitude of the second order virial coefficient A 2 (Table 1) was deduced from the variation with C of I(0, C) using Eq. 5. Increasing the salt concentration leads to the diminution of A 2 , but even for high ionic strength, the values remain positive. Net interactions are always repulsive.
The data collected at 5 mg/ml have then been used to study the shape of the NCP as a function of the monovalent salt concentration (C s ranging from 50 mM to 1 M) via the determination of the distance distribution function P(r). For C s Ͼ 50 mM, the effect of the interactions between particles at the NCP concentration C NCP ϭ 5 mg/ml can reasonably be neglected because the relative decrease 2A 2 MC of the intensity at the origin I(0, C) due to the effect of the interactions is smaller than 4%. Moreover the curves obtained for C NCP ϭ 5 and 10 mg/ml are nearly superimposed. Then the I(q, C ϭ 5 mg/ml) curve can be considered as a good approximation of the spectrum I(q) ideal of a solution without interactions. For C s ϭ 50 mM, the I(q, C ϭ 5 mg/ml) curve is slightly affected by the effect of interactions for the smallest q values (q Ͻ 0.022 Å Ϫ1 ). Consequently the computing of the distance distribution function P(r) as well as the determination of R g from the Guinier approximation are performed using the q range q Ͼ 0.022 Å Ϫ1 . For C s Ͻ 50 mM, the shape of the I(q, C) curves is strongly affected by the interactions even for C NCP ϭ 5 mg/ml, and the determination of P(r) is no more possible. Fig. 4 A gives the P(r) functions computed with GNOM. As seen on these curves, the maximal extension of the particle D max increases significantly with the salt concentration. The radius of gyration of the NCP, R g (P(r)) has been calculated from the P(r) functions for each C s value. Results are given in Table 1 , together with the R g values obtained from the Guinier approximation (C s ϭ 50, 160, and 450 mM) or from FIGURE 2 X-ray scattering curves recorded with NCP 165 at a concentration of 5 mg/ml as a function of q (q ϭ (4/) sin, with 2 being the scattering angle) for various salt concentrations. The I(q, C ϭ 5 mg/ml) curves have been normalized by the electronic density contrast
(see Eq. 2), which depends on the salt concentration C s via the electronic density s of the buffer. the Debye law (C s ϭ 1 M). Both sets of R g values are in good agreement. For C s ϭ 50 and 160 mM, our R g values are also in agreement with values reported previously (Greulich et al., 1985; Inoko et al., 1992) . The R g value increases significantly for C s Ն 450 mM. Examination of the form factor of the particle in the whole q range brings more details on the shape of the particle. As seen on Fig. 4 B, the curve recorded at C s ϭ 450 mM differs significantly from the curves recorded at C s Յ 160 mM for q Ͼ 0.08 Å
Ϫ1
. In particular, the minimum around q ϭ 0.13 Å Ϫ1 is more shallow, suggesting a noticeable modification in the shape of the NCP. The curve is completely different at C s ϭ 1 M. This change in the form factor correlates with the change in R g and can be attributed to a partial dissociation of the NCP in high salt conditions as already mentioned by several authors (Yager et al., 1989; Ausio et al., 1984 Ausio et al., , 1989 Krapunov et al., 1997; Ballestar et al., 2001 ). We did not intend to analyze further here the high C s range leading to strong changes in the shape of the NCP and finally to the dissociation of DNA from the histone core. We instead chose to focus on the C s range in which NCP integrity is preserved (C s Յ 200 mM). In our experiments, a significant increase in the maximal diameter D max was detected between 50 and 160 mM salt, well within this range.
NCP 145
Using a second NCP population containing 145 bp, with a much narrower distribution (Ϯ3 bp), the range of salt concentration compatible with the integrity of the particles was explored in greater detail (C s Յ 200 mM monovalent salt). Fig. 5 A shows x-ray scattering profiles in the small q range for different salt concentrations and C NCP ϭ 4 mg/ml. As previously described for NCP 165 , the shielding of the repulsive electrostatic forces by addition of salts is still clearly observed. The curve recorded for C s ϭ 10 mM flattens for the smallest q values, which reveals the existence of net repulsive interactions. This behavior disappears for higher C s concentrations. Above 50 mM, the curvature of the scattering pattern in the innermost part is even inverted, suggesting that the net interactions between NCP are there attractive.
For each salt concentration, the NCP concentration was varied from 0.5 to 4 or 8 mg/ml. Below 75 mM, the curves ln I(q, C) are linear as a function of q 2 in the Guinier range (qR g Յ 1.3) with the exception of the curve with a flat portion obtained for C s ϭ 10 mM and C NCP ϭ 4 mg/ml. Under these conditions, I(q, C) can be extrapolated to q ϭ 0, and the value of the second virial coefficient can be derived from Eq. 5 (Table 2 ). The A 2 value decreases progressively and becomes negative for 37.5 Ͻ C s Ͻ 50 mM, indicating a change from repulsive to attractive interactions. Above 75 mM, the Guinier plots (ln I(q, C) versus FIGURE 4 (A) Distance distribution function P(r) calculated for various salt concentrations C s at a fixed NCP 165 concentration of 5 mg/ml. The P(r) curves are scaled to the intensity at the origin I(0, C ϭ 5 mg/ml). (B) X-ray scattering curves I(q, C ϭ 5 mg/ml) normalized by the electronic density contrast K, recorded with NCP 165 for three salt concentrations C s : 160 mM, 450 mM, and 1 M. For clarity, the curves recorded for C s Ͻ 160 mM are not represented because they are very similar to the curve obtained at C s ϭ 160 mM for q Ն 0.05 Å Ϫ1 . The unfolding of the particle is already clearly visible at C s ϭ 450 mM for q Ͼ 0.085 Å Ϫ1 . Intensities have been linearly smoothed using a moving window for clarity. The radii of gyration R g calculated from the Guinier approximation (C s ϭ 50, 160, and 450 mM) or Debye law (C s ϭ 1 M) and from the P(r) curves are also given, as well as the maximal extension of the particle D max .
q 2 ) display a slight upward curvature at low q for the highest NCP concentrations (2, 4, and 8 mg/ml) (Fig. 5 B) . This can be attributed either to attractive interactions in a monodisperse solution or to the formation of oligomers of core particles due to this attraction. As a consequence, no reliable extrapolation of the intensity I(q, C) to the origin I(0, C) can be performed above 100 mM in salt and for C NCP Ն 2 mg/ml. It follows that the second virial coefficient A 2 cannot be determined using Eq. 5 in this range of salt concentration.
In keeping with these observations, the procedure used to derive a form factor free from interparticle interactions depends on salt concentration. At 10 mM salt, the interactions are sufficiently repulsive that the curves at 0.5 and 1 mg/ml display significant differences in the innermost region (q Ͻ 0.03 Å Ϫ1 ). The data recorded at 0.5, 1, and 2 mg/ml were extrapolated to infinite dilution using a Zimm plot (Zimm, 1948) . In the case of weak to moderate interactions, be they repulsive (25 and 37 mM) or attractive (50 and 75 mM), the differences between data recorded at 0.5 and 1 mg/ml were within experimental errors, and the curve recorded at 0.5 mg/ml was therefore considered to be unaffected by interparticle interactions. At higher salt concentration (100, 150, and 200 mM), attractive interactions were stronger, but the scattering patterns at 0.5 mg/ml did not significantly differ from the form factor at lower salt concentration (50 and 75 mM). Indeed, the value of the intensity extrapolated to the origin I(0, C NCP ϭ 0.5 mg/ml) is constant within error bars for all salt concentrations (Fig. 6 D) . Here again, the most dilute sample (C NCP ϭ 0.5 mg/ml) was deemed free from any detectable interparticle effect. In a final step of data processing, the form factors were spliced with the corresponding high concentration data, which were unaffected by interparticle interactions at larger angles so as to improve the statistics in the outer region. The resulting patterns were used to calculate the distance distribution functions P(r) shown in Fig. 6 A. Eliminating a few points in the innermost region, most sensitive to interparticle interactions did not significantly modify the P(r) curves, confirming that the samples at C NCP ϭ 0.5 mg/ml are practically ideal.
Between 10 and 50 mM salt, the maximal extension D max of the NCP increases from 137 Ϯ 5 Å to 165 Ϯ 5 Å before leveling off around that value up to a salt concentration of 200 mM (Fig. 6 B) . R g values were calculated using both the P(r) curves and the Guinier formula. Both estimates show a similar increase over the same range of salt concentration (10 -50 mM) and remain constant at higher concentration (Fig. 6 C) . The slight difference between both sets of values is probably due to the fact that the angular range (0.0147 Յ q Յ 0.0309 Å Ϫ1 ) used to determine the radius of gyration from the Guinier approximation does not reach small enough q values, thereby yielding a slight underestimate of the R g value. Finally, it must be emphasized that the increase in R g and D max are observed at C s values (10 -50 mM) lower than the onset of strong attractive interactions (Ն100 mM), susceptible to cause the formation of oligomers. Thereby these variations in R g and D max cannot be attributed to aggregation as confirmed by the constancy of I(O, C ϭ 5 mg/mP) (Fig. 6 D) . 
DISCUSSION
The interactions between isolated nucleosome core particles have been studied with NCP 145 and NCP 165 . They were carefully analyzed with NCP 145 in the range of salt concentration where particle integrity is preserved: the second virial coefficient A 2 , which is positive in low salt conditions becomes negative above 50 mM salt. For both types of NCP, Coulombic repulsive interactions between particles are screened by salt, but the salt concentration required to achieve complete screening is shifted to higher values for NCP 165 . Moreover, in the latter case, net interactions never become attractive whatever the salt concentration (up to 1 M monovalent salt) ( (Fig. 7) . The balance of all interactions, with the exception of hard sphere interaction, is therefore attractive for both kinds of particles NCP 145 and NCP 165 , with a higher attractive potential in the case of NCP 145 .
The difference in the salt concentration required to achieve complete screening of electrostatic repulsion can be attributed to differences between the charge of the particles. The DNA length associated to the histone octamer is significantly different in the two series of experiments (165 vs 145 bp). The 20-bp-longer DNA fragments brings 40 addi- (Guinier) comes from the Guinier approximation; R g (P(r)) was deduced from the calculation of the P(r) function. Both solid lines correspond to the R g values 43 and 45 Å obtained from the I(q) curves calculated for the nucleosome core particle modeled with the condensed or extended tails, respectively. (D) Intensity extrapolated to the origin I(0, C ϭ 0.5 mg/ml). tional negative charges (each phosphate group carries a negative charge). With 220 positively charged amino acids (Lys and Arg) and 74 negatively charged amino acids (Glu and Asp) in the core, the structural charge of the isolated nucleosome core particles comes to 144 e Ϫ for NCP 145 and 184 e Ϫ for NCP 165 . These extra two turns of DNA carried by the NCP 165 could explain differences in the A 2 behavior. Another source of A 2 differences may come from differences in the charges carried by the histones: 1) differences between calf and chicken amino acid sequences can be disregarded because they do not involve charged amino acids (Van Holde, 1988) . 2) Posttranslational modifications, namely acetylation and phosphorylation of the tails, could also produce significant changes in the charges of the particles. However, this effect is likely to be negligible because our preparation methods produce only poorly acetylated particles.
Similar screening effects of Coulombic interactions by salt were analyzed in solutions of proteins. A transition from net repulsive to net attractive interactions was observed with small molecular weight proteins, namely lysozyme and ␥-crystallins (Tardieu et al., 1992; Muschol and Rosenberger, 1995; Ducruix et al., 1996) . By adding salt, the repulsive electrostatic interactions between particles are screened, and short distance attractive interactions are revealed. The nature of these interactions remains to be determined. As far as we know, transitions from net repulsive to net attractive interactions have not yet been reported with large proteins analyzed so far (Budayova et al., 1999; Bonneté et al., 2001; Petsev and Vekilov, 2000) .
The cylindrical shape of the nucleosome core particle, combined with its heterogeneous distribution of charges creates multiple possibilities of interactions that may be responsible for this original behavior. Osmometry measurements performed over the same range of monovalent ions concentrations also reveal the presence of these attractive interactions between isolated NCP. We suspect the histone tails to be involved in these attractive interactions (Mangenot et al., 2002) . Anisotropic interactions may occur between top and bottom faces or between lateral sides of NCP, as revealed by the supramolecular organization of the particles at concentrations above 100 mg/ml (Leforestier et al., 2001) .
Special care has been taken to determine the form factors of NCP 145 free from any interparticle effect, thereby allowing us to study the variation of the shape of the nucleosome core particles with salt concentration. The general shape of the form factor as well as the value of the radius of gyration display only slight changes when the monovalent salt concentration is increased from 10 to 200 mM. In contrast, the maximal extension of the particle D max increases significantly from 137 Ϯ 5 Å to 165 Ϯ 5 Å when C s rises from 10 to 50 mM and remains at this plateau value for salt concentrations above 50 mM. The tail of the P(r) function for r values higher than 130 Å observed at high salt concentration shows that the number of large distances inside the particle is small. Because the concomitant variation of the radius of gyration is weak, we propose that the increase of D max reflects only the extension of the histone tails without significant change of the shape of the rest of the particle. To test this hypothesis, a nucleosome core particle was constructed with either extended or condensed tails (Fig. 8, A and B) starting from the crystallographic coordinates recently published by Harp et al. (2000) (PDB file 1eqz). NCPs were prepared from native chicken histone octamer cores and a palindromic DNA. In their study, the structure of parts of the N-terminal region of each histone and of the C-terminal region of H2A could not be determined. We therefore undertook to add the missing 102 residues of these tails, in a random coil conformation, using the modeling tools from Turbo-FRODO (Roussel and Cambillau, 1989) . Two models were built, one designated as the "extended" conformation in which the tails are freely extended away from the particle, whereas they are located close to the DNA surface in the other, "compact" conformation. These two conformations were built to account for the dimensions of the particles with no claim to describe the exact conformation of the tails. The polypeptide chains were placed in an arbitrary position well exposed to the solvent, because their high mobility makes them likely to explore a fairly large volume around the core particle. Care was just taken to build the tails with no repeated features in shape and orientation so as not to introduce any element of symmetry, albeit very crude, which could have added some artifactual oscillations to the calculated scattering patterns. Their contribution to scattering is that of an average conformation. In keeping with this low resolution approach, no attempt was made to introduce the ␣-helical conformation of the tails condensed onto DNA (Baneres et al., 1997; Wang et al., 2000) . Both conformations shown on Fig. 8, A and B, must be considered as representative of each conformational space. The experimental curve I(q) obtained for NCP 145 at C s ϭ 10 mM was fitted by the curve representative of an ideal solution of NCP in the modeled "compact" conformation, using the program CRYSOL (Svergun et al., 1995) . This program uses only two free parameters: the average displaced solvent volume per atomic group and the contrast of the hydration shell. The fit yields an excellent agreement (Fig. 8 C) for a relative density of the hydration layer of the order of 1.15. The R g value derived from the calculated curve I(q) is 43 Å, very close to the experimental value. The P(r) curve deduced from the calculated curve is shown on Fig. 8 E and gives a D max value of 131 Å. Similar fits of the experimental curves obtained between 50 and 200 mM have been performed using the modeled "extended" conformation. An excellent agreement between experimental and calculated curves is also observed (Fig. 8, D and F) , whereas the value of the relative density of the hydration layer is found to be 1.16, practically identical to the value found for the compact particle. R g and D max values deduced from the calculated curve are respectively 45 and 160 Å. Note that the D max value extracted from the P(r) distribution corresponds to the maximal overall diameter of the particle only in the "compact" conformation. This D max value is significantly lower than the maximal extension in the "extended" conformation, as easily seen on the model representations in Fig. 8 . This difference comes from the very low fraction of the scattering mass present in the tails compared with the central core of the nucleosome core particle. The tails contribute only marginally to the scattering intensity. In the extended conformation, the largest distances (separating the extremities of the tails) inside the particle contribute too few vectors to be detected in the calculated scattering pattern. Nevertheless, the important result is that experimental and theoretical D max values coincide.
The tails carry numerous Lys and Arg positively charged amino acids, which are able to interact with the negative charges carried by the phosphate groups of the DNA molecule when the Coulombic interactions are not screened. When increasing the ionic strength, these interactions are strongly shielded, leading to the unfolding of the tails and to their extension in the solution. This behavior agrees with the theoretical calculations of Clark and Kimura (1990) who, using Manning theory of counterions condensation, calculated that all or nearly all of the lysine and arginine residues in the tails are bound to DNA in the NCP at low salt. Based on the nuclear magnetic resonance experiments performed years ago on isolated NCP, oligonucleosomes (Cary et al., 1978; Hilliard et al., 1986; Smith and Rill, 1989) and chromatin (Walker, 1984) there is quite an agreement about the fact that the tails would be bound to DNA in low salt and become released and mobile when the ionic strength is increased above 0.2 to 0.4 M NaCl. However, above 0.2 M, the extension of the tails is not really uncoupled from the other salt-induced changes, which do not involve histone tails because they occur equally well whether histone tails are present or not (Ausio et al., 1989) . Our experimental results show that the extension of the tails occurs much below 0.2 M NaCl, over a small range of salt concentration and that this process can be separated from the other saltinduced conformational changes of the nucleosome core particle: 1) separation of DNA from the proteins of the core, which may occur at very low (Ͻ a few mM NaCl) or very high salt concentration (Ͼ 0.8 M NaCl) (Ausio et al., 1984; Yager et al., 1989) . The dissociation of DNA from histones is negligeable in our experiments. 2) Reversible changes in the conformation of the particle occur in the range 0.2 to 0.8 M NaCl (Ausio and Van Holde, 1986; Dong et al., 1990) . We observe these changes in the form factor and in the radius of gyration but at higher salt concentrations (450 mM), well after the extension of the tails. Ballestar and Franco (1997) , using the accessibility of the glutamine residues to monitor conformational changes of the tails, also reported that the extension process starts at very low salt concentration, below 50 mM. Moreover, they interpreted their data as a two-step process. From our experiments, we cannot say whether there are intermediate states in the extension process or determine the order in which the different tails extend.
Interestingly, the extension of the tails that we observe above 50 mM salt for NCP 145 , without any other conformational change of the particle, mimics the effects induced by the acetylation of the histones. The basic structure of the nucleosome remains unchanged (Ausio and Van Holde, 1986; Imaï et al., 1986; Libertini et al., 1988) , whereas interactions between the tails and nucleosomic DNA are lowered as a consequence of the decrease in the positive charges at the N terminal regions of the tails (Ausio et al., 1989; Oliva et al., 1990) . The hyperacetylated cores have a lower sedimentation coefficient than control particles over a wide range of salt concentration, and only low levels of acetylation are necessary to produce this effect (Ausio and Van Holde, 1986) .
We also followed the extension of the histone tails in the experiments performed with NCP 165 . Nevertheless, the salt concentration C s at which this extension is detected is shifted toward higher values (between 50 and 150 mM). We assume that this shift in salt concentration is due to the longer length of the DNA fragments associated to the particles, which brings extra negative charges to be screened. This would also explain why Mutskov et al. (1998) , using ultraviolet laser-induced histone-DNA cross-linking, observed the extension of the tails at even higher salt concentration, between 0.2 and 0.5 M NaCl: in their experiments, the nucleosomal DNA was 180 bp long. In our two series of experiments (NCP 145 and NCP 165 ), the extension of the tails is detected at the salt concentration C s for which the A 2 values become smaller than the hard sphere second virial coefficient A 2hs . It follows that changes in the interactions between particles and modifications of their conformation occurring when the salt concentration is increased can both be understood as consequences of a similar screening effect of Coulombic interactions. At low salt, nucleosome core particles, which are negatively charged, interact via net repulsive interactions, whereas interactions between negatively charged DNA and positively charged tails are net attractive. Addition of salt simultaneously screens repulsive interactions between NCP and attractive interactions between tails and DNA inside the NCP. The intraparticle and interparticles phenomena are thus coupled. From a functional point of view, the coupling between these two effects is of importance in the regulation of gene activity and namely transcription. Indeed, during these last years, pieces of a real "chromatin modifying machinery" such as acetyl transferases and deacetylases were discovered, which act by modifying the charge distribution carried by the histone tails, thereby modulating the accessibility of chromatin to the transcription machinery.
